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ABSTRACT
The local two-phase heat transfer coefficient is a critical parameter in the design of microchannel cold plate
evaporators used in applications such as electronics cooling systems. Only a few past studies on microchannels have
investigated the heat transfer characteristics over the entire vapor quality range and conflicting trends have been
reported even in these studies. Therefore, the present study focuses on the investigation of the local flow boiling heat
transfer coefficient at different vapor qualities of the refrigerant R-134a. An experimental setup was built to measure
the local heat transfer coefficient and to obtain a better understanding of the underlying physics. Two evaporators
were considered in this study. They employ parallel microchannels with 1.09 and 0.54 mm hydraulic diameter and
an aspect ratio of 2.5. Measurements were conducted at saturation temperatures ranging from 9 to 29°C, mass fluxes
from 20 to 300 kg m-2 s-1 and wall heat fluxes of up to 20 W cm-2. A comparison between measurements and
established correlations from the literature is presented.

1. INTRODUCTION
Thermal management of high-heat-flux electronic devices has attracted significant attention in recent years. In
addition to high-end applications, the cooling of consumer electronics such as desktop and laptop computers
promises to be a big market. Following Moore’s law (Moore, 1965), the semiconductor industry has successfully
doubled transistor density every two years. This increase in performance has resulted in an associated increase of
power dissipation. The current solution of increasing surface area with air-cooled heat exchangers is reaching its
limits. Therefore, other technologies are needed. Boiling heat transfer in microchannel heat sinks has the capability
of dissipating the high heat fluxes encountered in the thermal management of microelectronics (Garimella and
Sobhan 2003, Garimella et al. 2006, Agostini et al. 2007) and may be one of the most promising trends for
electronics cooling in the future. Advantages of systems utilizing cold plate evaporators compared to liquid loops are
lower flow rates and a constant surface temperature over the evaporator. Water cooling using subcooled and low
vapor quality boiling has been investigated by several authors (Liu et al. 2005, Liu and Garimella 2007, Lee and
Garimella 2008, Thome 2004). Also, dielectric fluids that can be in direct contact with silicon chips have been
studied by Chen and Garimella (2006) and Harirchian and Garimella (2008).
In addition to pumped liquid loops with a cold plate evaporator and a condenser, miniature scale refrigeration
systems are receiving increased attention. The main benefit of such systems is the possibility of greatly reducing the
coolant temperature, and therefore, maintaining acceptable device temperatures when dissipating high heat fluxes.
Furthermore, refrigerants usually are not electrically conductive in case of a leakage and exhibit low freezing points,
which is important especially during transportation. At evaporating temperatures below the dew point, special care
must be taken not to condense any water from humid air on the chip surface. Mongia et al. (2006), Phelan et al.
(2004) and Trutassanawin et al. (2006) have demonstrated the cooling of microelectronics with small vapor
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compression systems in laptop and desktop computers, respectively, as an alternative to the currently used air-cooled
heat sinks and fans. The fluid R-134a was identified as one of the most promising refrigerants due to material
compatibility, component availability, and cooling efficiency. Some challenges with miniature scale refrigeration
systems were the lack of availability of miniature-scale compressors and large discrepancies between different heat
transfer models in the microchannel cold plate evaporators. Also, much of the published work on evaporative flow
boiling heat transfer has dealt with the subcooled boiling of refrigerants and is not valid for high vapor qualities as
encountered with refrigeration systems.
There appears to be a general agreement that the heat transfer coefficient in microchannels increases with increasing
heat flux (Saitoh et al. 2005, Bertsch et al. 2008a, Lie and Lin 2005, Harirchian and Garimella 2008). In addition, a
negligible effect of mass flux on the heat transfer coefficient in microchannels has been observed (Huh and Kim
2007, Lie and Lin 2005, Harirchian and Garimella 2008), which indicates a dominance of the nucleate boiling
regime over convective boiling. On the other hand, the mechanism of convective flow boiling in microchannels and
especially the influence of the thermodynamic vapor quality on the heat transfer coefficient is still not well
understood. Early studies on small channels, e.g., Lazarek and Black (1982) and Tran et al. (1996), found only little
or no influence of the vapor quality on the heat transfer coefficient. In contrast to most prior studies, Yan and Lin
(1998) found a strong decrease in the heat transfer coefficient with increasing vapor quality. Lin et al. (2001) and
Bertsch et al. (2008a) observed similar results for flow boiling of refrigerants in circular and rectangular channels
with hydraulic diameters ranging from 0.5 to 1.1 mm. On the other hand, Yun et al. (2006) and Saitoh et al. (2005)
reported an increase in heat transfer coefficient for increasing vapor qualities. In order to establish heat transfer
correlations valid over a broad application range, more well-characterized experimental research is necessary.

2. EXPERIMENTAL SETUP
2.1 Test setup
Figure 1 shows a schematic of the test setup and the corresponding cycle of the working fluid R-134a in a pressureenthalpy diagram. The test setup consists of a closed fluid loop with a pump, the test section assembly where the
refrigerant evaporates, a condenser, several valves to regulate the flow, and instrumentation. The encircled numbers
in Figure 1 refer to the thermodynamic state-points which are indicated in the pressure-enthalpy diagram.

Figure 1. Schematic and pressure-enthalpy diagrams of the test setup.
The liquid refrigerant is pumped using a variable-speed gear pump (no lubricant necessary) and controlled with
bypass valve V1 and the flow regulator V2 in order to achieve the desired mass flow rate. By passing the flow
through a subcooler, the desired inlet temperature for the test section can be achieved. A sight glass right before the
test section assembly is used to check for gas bubbles in the liquid. The test section itself as shown in Figure 2
consists of several heated and adiabatic sections. Three discrete heated blocks serve as the pre-evaporator, the test
piece, and the post-evaporator. The pre-evaporator provides the desired inlet quality to the test piece by heating the
refrigerant from state point 3 to 4. The actual test piece is located between state points 4 and 5, where the local heat
transfer coefficient is measured for a change in quality of approximately 20%. After the measurement, the
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refrigerant is heated to state point 6 in the post-evaporator so that the refrigerant reaches a superheated state. The
refrigerant is then cooled back to state point 1 by a liquid-cooled condenser which is connected to a constant
temperature bath. Pre- and post-evaporators are necessary to measure the refrigerant quality at the inlet and outlet of
the test piece via energy balances. Ensuring single-phase fluid at the entrance of the pre-evaporator and the exit of
the post-evaporator also allows for better flow distribution in the microchannels compared to the situation where
two-phase flow enters or leaves the microchannels. In addition, this setup allows for three redundant measurements
of the heat flux, via energy balances and electrical input power measurement. The inlet quality of the refrigerant in
the test piece can be changed by varying the heat input to the pre-evaporator. Three independent sets of cartridge
heaters with adjustable input power are used to provide the required heat input in the pre-evaporator, test piece, and
post-evaporator sections. In addition, the test setup is equipped with other features such as blow-off valves V7 and
V8, a refrigerant filter dryer as well as a micro filter with 7 μm particle size. The nitrogen cylinder and accumulator
(with membrane) along with the pressure regulating valves V5 and V6 are used to regulate the pressure in the
system for varying operating conditions without the need for recharging or recovering refrigerant.

Figure 2. Three-dimensional drawing of the test section assembly with an overall length of approximately 200 mm.
The heated (three in number) and adiabatic (four in number) sections of the test section assembly can be seen under
the top cover in Figure 2. The inlet and outlet section as well as the adiabatic sections in between the three heated
blocks are made of plastic (PEEK) for easy machining and low heat conduction. The heated pieces (pre-evaporator,
test piece, and post-evaporator) are made of oxygen-free copper and contain the cartridge heaters. Air pockets are
provided between the copper and plastic pieces to increase the thermal resistance. A thin silicone sheet on top of the
microchannels prevents lateral leakage across microchannels. The casing is made of polycarbonate and allows
optical access to the test section from the top. In order to allow for thermal expansion of the materials, the assembly
is held together by compression, with rubber sheets on the sides and bottom.
Two sets of microchannels were cut using conventional machining tools. Great caution was taken to ensure uniform
size and good alignment of the channels in the three copper and two plastic test section pieces. The exact dimensions
of both geometries are listed in Table 1. Due to the modular test setup, the changeover from the first to the second
geometry was readily achieved.
Before charging, the system was flushed and pressure checked with dry nitrogen. Then, a vacuum was applied for
several hours. Immediately afterwards, unused refrigerant R-134a was used to charge the setup. After charging no
contaminants were able to enter the fluid loop due to the higher than ambient pressure inside the system. As
mentioned before, the fluid loop contains no lubricant due to the use of an oil-free gear pump. A more detailed
description of the test setup can be found in Bertsch et al. (2008a).
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2.2 Instrumentation
Approximately 50 T-type thermocouples are installed in the experimental setup. They were calibrated with a dry
block calibrator. For the purpose of uncertainty propagation, an uncertainty of ±0.5°C was used to account for
temperature drift, conduction along the thermocouple wires and other effects. The electrical power to the DC
cartridge heaters is calculated using direct voltage and current measurements which leads to an uncertainty of 1.5%.
The refrigerant mass flow rate is measured using a Coriolis-type mass flow meter with an uncertainty of 0.2% of the
reading within the measurement range. Pressures at different points in the setup are acquired using absolute pressure
transducers with a range of 1700 kPa and an accuracy of 0.25% of full scale. The differential pressure over the test
section assembly is measured with a 70 kPa differential pressure transducer which has an uncertainty of 0.1% of full
scale. The reported data points are the average of at least 5 minutes runtime at steady state. A standard error analysis
(Taylor, 1997) was used to estimate the uncertainties of the reported results. In order to determine the surface
temperatures, a conduction analysis in each heated piece was carried out.
Table 1. Quantitative physical description of the microchannel test pieces.
Dimension
Test piece #1
Test piece #2
Uncertainty
No of channels
[-]
17
33
Hydraulic diameter
[ȝm]
1089
544
±2.6
Channel depth
[ȝm]
1905
953
±5
Fin width
[ȝm]
762
381
±2
Channel width
[ȝm]
762
381
±2
Aspect ratio
[-]
2.5
2.5
Length (Test piece)
[mm]
9.53
9.53
±0.02
Length (Pre- & Post-Evaporator)
[mm]
30.16
30.16
±0.02
Length (adiabatic pieces)
[mm]
9.53
9.53
±0.02
Roughness
[ȝm]
<0.7
<0.7
Misalignment
[ȝm]
<5.0
<3.5
-

3. MEASUREMENT RESULTS
3.1 Energy balance and single-phase measurements
To validate the accuracy of the measurements with the test setup, the energy balance of the test section assembly
was first investigated for single-phase flow. Single-phase flow was chosen since the state points at the inlet and
outlet of the test piece are easy to calculate by knowing the temperatures and pressures. With these state points and
the refrigerant mass flow rate, the heat transfer rate into the test piece can be calculated as follows:
 −Q
 =m
 ref (i out − i in )
Q
(1)
out
in
An alternative calculation of the overall heat transfer rate comes from summing up the electrical power to the three
heated blocks:
 =Q



Q
(2)
el
el,pre _ evap + Q el,test _ sec t + Q el,post _ evap
A third approach to calculating the heat input is to use the known conductivity of the heated copper block, and the
differential temperature of the thermocouples inserted into the heated block:
k cu ⋅ A cu ⋅ ΔTcu

Q
Conduction =
lcu

(3)

The heat transfer rates calculated by using each of these three methods are compared in Figure 3 (left graph) as a
function of the electrical input power to the heaters. The measurements presented in Figure 3 were conducted for
Test piece #2 (33 channels, Dh = 0.54 mm). As can be seen, the maximum deviation between the three
measurements is 8 W, while the average deviation from the mean is only 2 W. The measurements cannot be
distinguished to within uncertainty. Measurements on Test piece #1 showed a very similar result with a maximum
deviation of 7 W and an average deviation of 3 W.
In addition to the energy balance, a comparison of single-phase measurements with established heat transfer
correlations was conducted, since recent research (Garimella and Sobhan 2003, Lee et al. 2005, Thome 2004) has
shown that conventional correlations can be applied to single-phase flow in microchannels. Two commonly used
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correlations for developing flow in the entry region from Hausen and Sieder and Tate (and presented in Incropera
and DeWitt 2002) were used:
§
0.0668 ⋅ ( D h / Linl ) ⋅ Re⋅ Pr · k l
¸⋅
h Hausen = ¨ 3.66 +
2/3
¨
1 + 0.04 ⋅ ( ( D h / L inl ) ⋅ Re⋅ Pr ) ¹¸ D h
©

(4)

0.14
1/ 3
§
§ Re⋅ Pr · § μ · · k l
h Sieder &Tate = ¨1.86 ⋅ ¨
⋅
¸ ¨
¸ ¸⋅
¨
© Linl / D h ¹ © μsurf ¹ ¹¸ D h
©

(5)

-1

h [W m K ]

120

-2

Q [W]

The results of these two correlations together with the corresponding measurements (Test piece #2) are presented in
Figure 3 (right graph). Both the general trend and the absolute values agree very well between the measurement and
predictions by the correlations. Both the energy balance and the single-phase measurements lend confidence in the
measurements reported in this work.
200
3500
Qel
180
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2000
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Figure 3. Heat balance on the test piece and single-phase heat transfer measurements for test piece #2 (n=33,
Dh=0.54 mm).

0

50

3.2 Boiling curve
For these tests, the inlet quality of the test section and the saturation pressure were held constant at -0.2 and 750 kPa,
respectively, where the vapor quality in the subcooled region is defined as
i(T , P ) − i(x = 0, Psat )
.
(6)
x sub = in sat
i fg
Both the pre-heater and the post-heater were turned off and only the test section was heated. In order to measure the
boiling curve, the heat flux was increased in several increments from 0.5 to 21 W cm-2 and recorded. This procedure
was carried out for four different mass fluxes ranging from 42 to 167 kg m-2 s-1 for Test piece #2 (Dh = 0.54 mm)
and from 20 to 81 kg m-2 s-1 for Test piece #1 (Dh = 1.09 mm). Results of both measurements are presented in Figure
4.
The pressure differential across the test section was measured to be less than 2.5 kPa due to the low refrigerant flow
rates. This small pressure drop results in a maximum saturation temperature change of 0.2°C. Therefore, the
saturation temperature of the refrigerant was calculated using the average value of the pressures at the inlet and
outlet for all the tests. The heat flux q”wet is calculated by dividing the electrical input power by the heated and
wetted surface area of the microchannels.
It can be observed from Figure 4 that in the single-phase region, the higher mass flow rate leads to greater heat
dissipation while maintaining the same wall superheat. However, after the onset of nucleate boiling (ONB), all
boiling curves basically collapse onto a single curve irrespective of the inlet temperature and mass flow rate,
indicating the dominance of nucleate boiling over convective heat transfer. No significant temperature overshoot at
ONB could be detected. The flow patterns visually observed after the onset of boiling revealed a mostly bubbly flow
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regime, which sometimes transitioned to slug flow at the highest measured heat fluxes. Even though the mass flux
does not seem to affect the heat transfer coefficient after ONB very much, the critical heat flux (CHF) is increased.
The highest point for every curve in both plots is close to CHF except for the highest mass fluxes in both cases
(G=81 kg m-2 s-1 and G=167 kg m-2 s-1) where the limitation of the test setup did not allow further increase of the
heat flux.
25

25

G = 42 kg m-2 s-1
41.8
G = 84 kg m-2 s-1
83.5
G = 125 kg m-2 s-1
125.3
G = 167 kg m-2 s-1
167

-2 -1

20.3
G
= 20 kg m s
G
= 41 kg m-2 s-1
40.5
G
= 61 kg m-2 s-1
60.8
-2 -1
G
81= 81 kg m s

15

20
q"wet [W cm-2]

q"wet [W cm-2]

20

15
10

10
5

5

0

0

-30

-20

-10
0
Tsurf - Tsat [°C]

10

-30

20

-20

-10
0
Tsurf - Tsat [°C]

10

20

Figure 4. Boiling curve results for test piece #1 (left) and test piece #2 (right) at a saturation pressure of 750 kPa.

3.3 Heat transfer coefficient variation with vapor quality
Figure 5 shows the local heat transfer coefficient at a fixed saturation pressure of 550 kPa as a function of vapor
quality both for Test piece #1 and Test piece #2. Each point in Figure 5 represents the heat transfer coefficient
measured for a vapor quality change of 20% (± 1%) across the test piece. For instance, a point shown as being at
30% quality implies the average heat transfer coefficient over the thermodynamic quality range of 20 to 40%. The
differential of 20% in vapor quality across the test piece was chosen as a compromise between measurement
uncertainty and resolution. Due to the fixed quality change, mass flux and heat flux are coupled and displayed for all
data points. All measurement uncertainties calculated by error propagation are within an error band of 13%.
20000

42 q"=2.6
G=42,
G=125,
125 q"=7.8
G=250,
250 q"=15.0

20000

84 q"=5.2
G=84,
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G=334,
334 q"=19.6

15000
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15000
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G=20.3,
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G=40.5,
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81
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Figure 5. Heat transfer coefficient at a fixed saturation pressure of 550 kPa as a function of vapor quality for test
piece #1 (left) and test piece #2 (right); (G in kg m-2 s-1, q” in W cm-2).
x [-]

The heat transfer coefficient is seen to increase with increasing heat flux and mass flux. As expected, there is a
strong increase in the heat transfer coefficient at low vapor qualities. The maximum heat transfer coefficient occurs
at a vapor quality of approximately 20%. As the vapor quality increases, the heat transfer coefficient decreases due
to the larger fraction of vapor as has been seen by Yan and Lin (1998) and Lin et al. (2001) as well. This result
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differs from findings for conventionally sized tubes, which show an increase of the heat transfer coefficient at high
vapor qualities due to the dominance of the annular flow regime. The effect of saturation pressure on the heat
transfer coefficient is negligible within the range of operating conditions considered, since the results cannot be
distinguished within the measurement uncertainty as was shown by Bertsch et al. (2008a). Visual observation
revealed that for most of the measurements presented in this section the flow regimes could best be described as slug
or intermittent flow.

4. COMPARISON TO THE LITERATURE
For the purpose of evaluating the applicability of flow boiling heat transfer correlations in the literature, more than
20 correlations designed for conventional sized channels and also for microchannels were investigated. In this paper,
only seven of the 20 correlations are presented. More information on the correlations and detailed results is available
in Bertsch et al. (2008b).
The mean relative error and mean absolute error are defined as
h − h meas
1
MRE = ¦ calc
N N
h meas

(7)

h calc − h meas
1
(8)
¦
N N
h meas
and presented in Table 2 for the seven correlations. Further, the percentages of the predicted values that are within
±30% of the measurements are shown. For the Bennett and Chen (1980) and the Shah (1982) correlations only
measurements with a vapor quality below 0.7 were considered in this comparison in order not to extrapolate the
correlations beyond their suggested range of parameters. For all other correlations all data points were used in the
comparison.
MAE =

It can be seen from Table 2 that the mean absolute deviation between measurements and correlations is fairly large
with a value of approximately 30% for the best correlation. The correlations that predict the data of the current setup
most accurately are those of Tran et al. (1996), Liu and Winterton (1991) and Cooper (1984). The Cooper
correlation is a pure pool boiling correlation which confirms the observation of nucleate boiling dominating the heat
transfer. No systematic difference could be found between correlations developed for conventional sized channels
and for microchannels.
Table 2. Comparison of measurements and correlations.
MRE, %
MAE, %
Author(s)
piece #1
piece #2
piece #1
piece #2
Bennett and Chen (1980)
36.7
24.4
38.6
56.3
Shah (1982)
-5.1
108.8
26.3
115.8
6.4
9.3
50.2
26.6
Liu and Winterton (1991)
19.0
-21.8
26.8
35.0
Tran et al. (1996)
119.1
78.6
119.6
81.4
Balasubramanian and Kandlikar (2004)
160.3
49.6
161.0
51.4
Thome et al. (2004)
47.0
22.5
47.5
31.6
Cooper (1984) – Pool boiling

Data within ± 30%
piece #1
piece #2
56.5
57.6
57.6
22.4
42.5
75.8
73.5
38.8
10.6
33.3
0.0
34.5
46.9
70.3

5. CONCLUSIONS
An experimental study was carried out to investigate the heat transfer coefficient during refrigerant flow boiling in
microchannel heat exchangers. The experimental boundary conditions are well characterized and specified and the
setup is verified to produce good results via a verification of the energy balance achieve and a comparison of singlephase measurements to predictions. The major conclusions of the study are:
• The heat transfer coefficient peaks at a thermodynamic vapor quality of approximately 20% and decreases
significantly with increasing vapor quality.
• The heat transfer coefficient shows a strong increase with increasing heat flux.
• The influence of the saturation pressure in the investigated range is negligible.
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•
•
•

The influence of the mass flux on the heat transfer coefficient is relatively small revealing a dominance of
the nucleate boiling regime over convective boiling. A higher mass flux leads to a marginally increased
heat transfer coefficient.
Critical heat flux (CHF) on the other hand strongly increases for higher mass flux.
None of the correlations in the literature were found to adequately predict the heat transfer coefficient in
microchannels. A pool boiling equation is among the best correlations to predict flow boiling in parallel
microchannels.

Further well-characterized experimental research is recommended so that a physically sound model may be
proposed. This model should be able to extrapolate well for different operating and boundary conditions.

NOMENCLATURE
Area, m2
hydraulic diameter, m
mass flux, kg m-2 s-1
heat transfer coefficient, W m-2 K-1
enthalpy, J kg-1
enthalpy of vaporization, J kg-1
conductivity, W m-1 K-1
distance, m
distance from the inlet, m

m
mass flow rate, kg s-1
MAE mean absolute error, %
MRE mean relative error, %
n
number of parallel channels

Q
heat transfer rate, W
q”
heat flux, W m-2
Re
Reynolds number (liquid)
P
pressure, kPa
Pr
Prandtl number (liquid)

A
Dh
G
h
i
ifg
k
l
Linl

T
x

temperature, °C
thermodynamic vapor quality

Greek
μ
viscosity, kg m-1 s-1
Subscripts
calc calculated
cu
copper
el
electrical
in
inlet
l
liquid
meas measured
ref
refrigerant
s
surface
sat
saturation
sub subcooled
wet wetted area
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